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1. INTRODUCTION
Since the late 1970s, especially with the develop-
ment of travel behavioral theories, tour-based and activ-
ity-based models directly using data from individual 
trip-makers have been developed to represent various 
aspects of trip-making behavior and ﬁrst applied in urban 
transport studies of developed countries with cogent 
support of adequate research data. In recent years, the 
travel modeling study using person trip (PT) data for 
developing cities has attracted some attention. For in-
stance, taking advantage of a 1,001 household travel and 
activity survey from Chengdu, China in 2005, Walker et 
al.1 explored a hybrid choice model approach incorporat-
ing travel time as a latent variable, in comparison with the 
traditional mode choice model. In addition, in the context 
of Chennai City, India, using a large disaggregate data-
base consisting of over 2000 households, Rajagopalan 
and Srinivasan2 formulated a Multiple Discrete-Continu-
ous Extreme Value model to integrate the travel mode 
choice and usage at the household level. Although the 
disaggregate analyses have been somewhat successful in 
urban transport studies of developing cities, these ad-
vanced approaches require more detailed trip and/or ac-
tivity data. The conventional PT data are still scarce for 
most of the comprehensive urban transport studies of de-
veloping cities3. Even worse, the available data are most-
ly of a poor quality, and are also often  not shared among 
different planning agencies3. As a result, such disaggre-
gate models are quite difﬁcult to be widely and efﬁcient-
ly apply to developing cities. Therefore, the traditional 
four-step modeling framework, though criticized because 
of its lack of valid representation of underlying travel be-
havior4, is still most universally applied owing to its prac-
ticability. One can still easily ﬁnd studies dealing with 
aggregate PT data collected in developing cities. For ex-
ample, focusing on the quality of PT data, Li et al.5 show 
that even in low missing rate, the issues of item nonre-
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It is expected that improvement of transport networks could give rise to the change of spatial distributions of population-related 
factors and car ownership, which are expected to further inﬂuence travel demand. To properly reﬂect such an interdependence 
mechanism, an aggregate multinomial logit (A-MNL) model was ﬁrstly applied to represent the spatial distributions of these exogenous 
variables of the travel demand model by reﬂecting the inﬂuence of transport networks. Next, the spatial autocorrelation analysis is in-
troduced into the log-transformed A-MNL model (called SPA-MNL model). Thereafter, the SPA-MNL model is integrated into the four-
step travel demand model with feedback (called 4-STEP model). As a result, an integrated travel demand model is newly developed 
and named as the SPA-STEP model. Using person trip data collected in Beijing, the performance of the SPA-STEP model is empiri-
cally compared with the 4-STEP model. It was proven that the SPA-STEP model is superior to the 4-STEP model in accuracy; most of 
the estimated parameters showed statistical differences in values. Moreover, though the results of the simulations to the same set of 
assumed scenarios by the 4-STEP model and the SPA-STEP model consistently suggested the same sustainable path for the future 
development of Beijing, it was found that the environmental sustainability and the trafﬁc congestion for these scenarios were gener-
ally overestimated by the 4-STEP model compared with the corresponding analyses by the SPA-STEP model. Such differences were 
clearly generated by the introduction of the new modeling step with spatial autocorrelation.
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sponses (used as explanatory variables) in the PT data 
from Jabodetabek in Indonesia could result in seriously 
biased estimations for a modal split model built using an 
aggregate multinomial logit model. 
On account of the ease of integration with other 
models like land use models to support practical long-
term transport policy decisions, and the previously ex-
plained credible practicability compared with the limited 
utility of disaggregate modeling approaches due to data 
restriction, especially for comprehensive urban transport 
studies of developing cities, this study deals with the ag-
gregate modeling approach (here referred to as the four-
step model) even though the disaggregate models have 
more desirable features than aggregate models. Here, the 
concept of feedback is introduced to accommodate the 
various behavioral interdependencies (especially the in-
terdependency between transport networks and trip-mak-
ing behavior) in a more consistent way. The effectiveness 
of the travel demand model with feedback (i.e., the 4-
STEP) has been conﬁrmed since the 1950s in the context 
of developed countries3, 4, 6. Recently, Boyce et al.7 fur-
ther conducted a sensitivity analysis of different con-
vergence methods in estimating feedback models and 
emphasized the contemporary importance of improving 
the feedback models. For the cities in developing coun-
tries such as China with its travel forecasting practices 
remaining at an early stage of development, compara-
tively early importation of a feedback mechanism is an 
opportunity to avoid the errors and shortcomings of tradi-
tional academic training and professional practice in 
North America and Europe3. Due to the limited applica-
tions of feedback modeling practice in developing coun-
tries today, Feng et al.8,9 have made some new efforts to 
improve the feedback model in the context of developing 
countries. However, one of the important issues still ig-
nored in the 4-STEP model now is the inﬂuence of trans-
port networks on the changes of explanatory variables 
such as population-related factors and car ownership, 
which are usually used to explain the trip generation and 
attraction. It is well known that improvement of transport 
networks usually leads to improved accessibility, which 
could consequently result in change of residential and 
workplace choice behavior across urban space. Such in-
ﬂuence might be remarkable especially in developing 
cities; however, the 4-STEP models deal with these ex-
planatory variables as exogenous variables in the step of 
trip generation and attraction. To solve this problem, it is 
better to logically represent such change of distributions 
to reﬂect behavioral mechanisms. 
Here, it is proposed to apply an aggregate multino-
mial logit (A-MNL) model to endogenously describe the 
distributions of the above-indicated exogenous variables 
to reﬂect the inﬂuence of the improvement of transport 
networks, where the accessibility indicator is used as an 
explanatory variable. Since this paper attempts to im-
prove travel demand models from the viewpoint of the 
aggregate modeling approach, a spatial autoregressive 
model is further applied to estimate the log-transformed 
A-MNL model (called SPA-MNL model). The SPA-
MNL model is established to reﬂect the fact that the ex-
ogenous variables for each trip analysis zone (TAZ) 
might be correlated with each other, and it is further inte-
grated with the 4-STEP model. Hereafter, the resulting 
integrated model is called SPA-STEP model. Different 
from the 4-STEP model, this study adds a new step of 
estimating the change of the above-explained exogenous 
variables to conduct travel demand estimation within a 
feedback approach, where the feedback loop is extended. 
Moreover, the input data requirements of the newly pro-
posed SPA-STEP model are totally the same with the 4-
STEP model and the conventional four-step model. This 
has ensured its practicability and is very important to the 
urban transport studies of developing cities confronted 
with the  previously explained serious restriction of sur-
vey data. 
In the remaining parts of this paper, the develop-
ment of the SPA-STEP model is explained in Section 2 
followed by a brief introduction of the study area (Sec-
tion 3). After that, Section 4 shows the model estimation 
results of the SPA-STEP model in comparison with the 
4-STEP model. Simulation analyses are given at Section 
5. Lastly, the paper concludes at Section 6.
2. A NEW MODEL
2.1 The four-step travel demand model with feed-
back
In our previous studies8,9, an improved four-step 
travel demand model with feedback (i.e., 4-STEP model) 
has been developed and empirically examined using the 
PT data collected in Beijing, China and Jabodetabek, In-
donesia. The whole structure of the 4-STEP model is 
shown in Figure 1. Some of the variables and parameters 
presented in this ﬁgure are interpreted below: 
Gi : trip generation at TAZ i, 
Aj : trip attraction at TAZ j, 
xGi,r : the rth explanatory variable for trip generation at 
TAZ i, 
xGi,q : the qth explanatory variable for trip attraction at 
TAZ j, 
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AccGi : accessibility at origin-based TAZ i (for trip gen-
eration), 
AccAj : accessibility at destination-based TAZ j (for trip 
attraction), 
ODij : trip distribution from TAZ i to TAZ j, 
Tij : generalized travel impedance from TAZ i to TAZ j, 
Kij : adjusting factor (k-factor) for trip distribution 
from TAZ i and TAZ j, 
γ : inverse power index, 
δ : mathematically adjusting coefﬁcient, 
ODmij : trip distribution by mode m from TAZ i to TAZ j,  
Pmij : modal share of mode m from TAZ i to TAZ j, 
Vmij : non-stochastic term of the utility of travel mode m 
from TAZ i to TAZ j, 
tmij : travel time of mode m from TAZ i to TAZ j, 
dmij : travel distance of mode m from TAZ i to TAZ j, 
cmij : travel cost of mode m from TAZ i to TAZ j, 
tl : travel time on link l, and 
ql : trip volume on link l. 
The estimation process of the 4-STEP model starts 
with the step of modal split represented using the multi-
nomial logit (MNL) model. The inclusive values of travel 
modes (i.e., the Maximum Utility of Travel Mode Choice) 
are used to represent the overall transport network perfor-
mance. Subsequently, an inverse power function of these 
inclusive values is introduced into the doubly constrained 
gravity (DCG) model in the step of trip distribution to 
generate the Generalized Travel Impedance. This imped-
ance is further used to calculate the Accessibility for each 
TAZ, which is then incorporated into the trip generation 
and attraction step as an independent variable. The esti-
mation process comes downwards to successively obtain 
new trip generation and attraction, trip distribution, mod-
al split shares, and ﬁnally trip assignment results. Based 
on the trip assignment results, the inclusive values are 
changed according to the new Travel Time on each link of 
the road network. Then, the estimation process iterates 
until some convergence criteria are met. 
2.2 Adding a new step with spatial autocorrelation 
analysis 
As argued at the beginning of this paper, it is neces-
Fig. 1  The 4-STEP model proposed by Feng et al.8,9 
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sary to properly reﬂect the behavioral inﬂuence of trans-
port network improvement on distribution changes of 
population-related factors and car ownership, which are 
the explanatory variables in the trip generation and at-
traction step. To this end, this study adds a new step of 
endogenously estimating the distributions of the explana-
tory variables in the trip generation and attraction analy-
sis into the 4-STEP model. This new step deals with the 
explanatory variables in the trip generation and attraction 
step as the dependent variables, which are ﬁrst represent-
ed using the aggregate multinomial logit (A-MNL) mod-
el explained by equation (1): 
n
j
F
j
F
iF
i
v
v
P
1
exp
exp
 (1)
where PFi means the share of dependent variable F at 
TAZ i and vFi is the non-stochastic spatial utility for the 
dependent variable F. 
Next, a spatial autoregressive (SAR) model is ap-
plied to this A-MNL model to properly represent the spa-
tial autocorrelation of the dependent variable F between 
the TAZs, considering the behavioral inﬂuence of the 
transport network improvement. There are many meth-
ods and models about the spatial autocorrelation analy-
sis, most of which have been widely applied in the ﬁeld 
of spatial econometrics and spatial statistics10,11. In re-
cent years, efforts have been made to integrate geograph-
ic information system (GIS) technology with transport 
modeling and some of the spatial models have been ex-
tensively used directly as trip distribution models within 
the four-step approach to travel demand analysis12,13. 
Because of its feasibility and successful application in 
spatial econometric studies, the ordinarily referred SAR 
model11 shown in equation (2) is adopted here and im-
ported into the A-MNL model. This SAR model is also 
termed the “mixed regressive-spatial autoregressive mod-
el”10, because it combines a standard regression model 
with a spatially lagged dependent variable, reminiscent 
of the lagged dependent variable model from time-series 
analysis11. 
   XW YY => 'XWY 1)(
 (2)
Where, Y is an n×1 vector of the dependent vari-
ables, X represents the usual n×k data matrix containing 
explanatory variables, and W is the spatial weight matrix 
composed of the standardized reciprocal values of the 
shortest road distance between TAZs. The parameter ρ is 
the spatial auto-regressive parameter coefﬁcient on the 
dependent variables, WY, and the parameters contained 
in the vector β reﬂect the inﬂuence of the explanatory 
variables on the variation in the dependent variables. 
Moreover, the error term  follows the normal statistic dis-
tribution, i.e., ε~N (0, σ2I) (I is the identity matrix) and 
the ε ' is the transformed error term. 
To incorporate the study of spatial autocorrelation, 
equation (1) is ﬁrst log-transformed as follows, where 
“0” indicates the reference zone for the transformation.
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Since the utility is a relative concept, equation (3) 
can be re-written below by setting the non-stochastic util-
ity of vF0 to be zero. 
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Substituting equation (4) into equation (2) results 
in, 
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Equation (5) is the ﬁnal model structure of the log-
transformed A-MNL model (called SPA-MNL model), 
as a part of the newly developed SPA-STEP model which 
is shown in Figure 2. For this SPA-MNL model, WF, XF 
and βF are made up from afore-explained W, X and β 
with the elements from TAZ 0 abandoned. 
For the SPA-STEP model, the sub-models at the 
steps of trip generation and attraction, tr ip distribution, 
modal split and trip assignment are completely the same 
as those at each of these corresponding steps of the 4-
STEP model shown in Figure 1. The model estimation 
process also starts with a modal split step. Different from 
the 4-STEP model, as shown in Figure 2, the Mean Ac-
cessibility (i.e., the average value of the origin-based and 
destination-based accessibilities) at each TAZ is further 
imported into the SPA-MNL model as the explanatory 
variables to link the improvement of transport networks 
and the distribution changes of the population-related 
factors and car ownership. With such spatial distribution 
analysis, the estimation procedure comes downward to 
proceed with the same work done in the estimation pro-
cess of the 4-STEP model. Some of the notations of the 
SPA-MNL model shown in Figure 2 are explained as 
follows: 
VolFi : spatial distribution volume of dependent variable 
F at TAZ i, 
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Voltotal : total volume of dependent variable F at all the 
TAZs, 
xFi,k : value of the kth spatial explanatory variable for 
the dependent variable F at TAZ i, 
αFk : coefﬁcient of the kth spatial explanatory variable 
for the dependent variable F, and 
ρF : overall spatially lagged coefﬁcient for the depen-
dent variable F.
For the SPA-MNL model, the spatial weight matrix 
(WF) is composed of the standardized reciprocal values 
(Wij) of the shortest road distance (dsij) between TAZ i 
and j. The Mean Accessibility (Δi) at TAZ i takes the ar-
ithmetical mean value of the origin-based accessibility 
AccGi  and the destination-based accessibility AccGi  related 
to the same TAZ. 
3. STUDY AREA: BEIJING, CHINA
Beijing, one of the representative developing mega-
cities today, has been experiencing incredibly rapid urban 
growth since the 1990s. Its GDP and GDP per Capita in 
2006 are both more than 3 times that in 199714. With the 
boom of the urban economy, the population in Beijing 
has increased from 12.40 million in 1997 to 15.81 mil-
lion in 200614. Since most of the urban facilities in Bei-
jing are concentrated within the 3rd ring road, such spatial 
concentration attracts a majority of employment. As a re-
sult, during the commuting rush hours, serious trafﬁc 
congestions can be observed. Due to the rise of land pric-
es, more and more workers have to ﬁnd residences far 
from the central urban area, leading to longer travel dis-
tances. Unfortunately, the severely lagging development 
of the public transport system cannot satisfy such travel 
requirements. Another phenomenon is also noteworthy. 
As shown in Figure 3, from 1997 to 2007, the number of 
motor-vehicles in Beijing rapidly increased from about 1 
million to over 3 million. Comparatively, the road mile-
age improvement is only around one-fourteenth of the 
increase of motor-vehicles15. Until May of 2007, more 
than 80% of motor-vehicles in Beijing were private cars. 
Facing up to such an unbalanced situation, because 
of the fast urban development and simultaneous overall 
distribution change of the population, employment and 
car ownership, it becomes much more indispensable to 
properly study the urban transport of Beijing for its sus-
tainable growth in the future. As a case study, the pro-
posed SPA-STEP model is applied by using the data 
collected in Beijing, China; comparisons are conducted 
with respect to the sequentially estimated conventional 
model without feedback (called CONV model) and the 
previously developed 4-STEP model. We used the PT 
Data and GIS ﬁles of the transport network for Beijing in 
2000 from the Beijing Transportation Research Center 
(BTRC). 
Fig. 2  The proposed SPA-STEP model 
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4. MODEL ESTIMATION
4.1 Spatial autocorrelation 
The SPA-MNL model was estimated with respect 
to the night-time population (Popi), number of cars (Cari) 
and the employed population (Empi) at each TAZ (i) (to-
tally 340 TAZs) in total. Because of the data scarcity, for 
each of these dependent variables, the Mean Accessibility 
(Δi) was taken as the only spatial explanatory variable. 
The Δi was adopted because the spatial distributions of 
Popi, Cari and Empi may have been inﬂuenced by both 
the origin-based and destination-based accessibilities. 
The estimation results of the SPA-MNL model are shown 
in Table 1. 
As shown in Table 1, it can be found that the abso-
lute values of Log-Likelihood for the spatially autore-
gressive analyses of the night-time population, number of 
cars and employed population are all large enough to sig-
niﬁcantly prove the meaningful spatial autocorrelation 
studies made by the SPA-STEP model. Simultaneously, 
the T-score values for the estimations for all the parame-
ters are statistically signiﬁcant, which suggests that the 
inﬂuence of the mean accessibilities on the spatial distri-
butions of population-related factors and car ownership 
at the zone level can not be ignored. At the same time, it 
also can be concluded from the large values of the T-score 
for the estimated constant terms that only the accessibil-
ity indicator is not sufﬁcient enough to explain the spatial 
autocorrelation distributions of the night-time popula-
tion, number of cars and employed population. However, 
as explained above, plenty of such meaningful spatial ex-
planatory variables are not easy to be found due to the 
scarcity of data for developing cities. In spite of the Mean 
Accessibility used as the only independent variable for 
this SPA-MNL model, the R-squared values for the spa-
tial autoregressive analyses on the distributions of the 
night-time population, number of cars and employed 
population are all greater than 0.4300. This model esti-
mation accuracy is also satisfying. 
4.2 Trip generation and attraction 
The generation and attraction trips are estimated 
based on the widely applied multiple regression models 
where the above-described dependent variables of the 
SPA-MNL model are used as explanatory variables. Pre-
liminary analysis suggests that the model structure with 
log-transformed dependent and explanatory variables 
shows the highest model accuracy. The model estimation 
results are given in Table 2. 
To compare the results without the step of the SPA-
MNL model, the estimation results from the 4-STEP mod-
el and the CONV model are also shown in the same table. 
In comparison to the 4-STEP model and the CONV model 
with their signiﬁcant T-test and F-test results presented in 
Table 2, also the estimated SPA-STEP models improve the 
model accuracies by 2.49% and 14.30% for the trip gen-
eration model and by 19.49% and 27.55% for the trip at-
traction model. In contrast, it looks like that the estimated 
Fig. 3 Increase in the number of motor-vehicles in 
Beijing (Unit: Million)
4
3
2
1
0
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Table 1  Estimation results of the SPA-MNL model 
Dependent 
Variables Estimated Parameters T-score Log-Likelihood R-squared
Popi
α0
Pop (Const ) –6.3107e-001 –15.3720
–66.5656 0.4377α1Pop (Δi) 4.5200e-004 2.1320
ρPop 2.1500e-001 1.9884
Cari
α0
Car (Const ) –7.8354e-001 –13.5394
–134.4120 0.4601α1Car (Δi) 5.1540e-003 6.3427
ρCar 7. 9790e-001 11.8320
Empi
α0
Emp (Const ) –1.1890e-000 –12.6455
–165.8272 0.4981α1Emp (Δi) 9.0490e-004 11.2435
ρEmp 8.1988e-001 11.4682
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parameters do not vary largely across the models, but the 
results of the T-tests between the SPA-STEP and 4-STEP 
models suggests that, in general, most of the estimated 
parameters of the independent variables show statisti-
cally signiﬁcant differences between the two models. 
4.3 Trip distribution 
Here, the popularly applied Double Constrained 
Gravity (DCG) model presented in Figure 1 was adopted. 
Table 3 shows the estimation results of this DCG sub-
model. It can be found that the parameter representing 
travel resistance gives a logical sign and statistically sig-
niﬁcant value. Moreover, as proven by the results of the 
T-Tests between the SPA-STEP and 4-STEP models pre-
sented in Table 3, with the previously proposed SPA-
MNL sub-model newly added into the 4-STEP model, 
the parameter estimation to the DCG model was appar-
ently different in statistical outcomes. As a result, repre-
sented by the R-squares shown in Table 3, the DCG 
model estimation accuracy has been increased with the 
proposed SPA-STEP model converged. 
4.4 Modal split
For the trip mode split, the aggregate Multinomial 
Logit (MNL) model presented in Figure 1 was applied to 
represent the modal split in Beijing with respect to the 
modes of Railway, Bus, Car, Taxi, and Bicycle. As shown 
in Table 4, the mark “+” indicates that the variable in the 
column was introduced into the utility function of the 
travel mode on the relevant row for the inter-zone MNL 
model. In a similar manner, the mark “–” represents the 
intra-zonal case. The mode-speciﬁc attributes presented 
in Table 4 are explained below: 
Const : constant term, 
Distance : average travel distance of the shortest path of 
the trip (Unit: Kilometers), 
Time : average line-hole time of the trip (Unit: Min-
utes), 
GT : the total travel time of the trip (Unit: Minutes), 
and 
GC : the total travel cost of the trip (Unit: Yuan 
RMB). 
The ﬁnal estimation results of these two MNL mod-
Table 2  Estimation results of the regression sub-models for trip generation and attraction
Dependent 
Variables Estimated Parameters T-score
T-Tests between 
SPA-STEP and 
4-STEP models
F-score R-squared
In(Gi)
α0 : Const
0.3129
(0.3134*, 4.6939**)
0.1130
(1.3600*, 30.202**) –1.9543
168.2530
(168.2710*, 248.2250**)
0.5315
(0.5186*, 0.4650**)
α1 : In(Popi) 0.1877(0.1864*, 0.1974**)
7.7144
(7.7138*, 8.5214**) 3.7172
α2 : In(Cari) 0.2059(0.2065*, 0.2070**)
7.4674
(7.4674*, 7.4697**) –2.2494
α3 : In(AccGi  ) 0.3292(0.0613*,-----**)
1.9069
(1.5886*, -----**) 1.8828
In(Aj)
β0 : Const –5.8878(–5.6772*, 5.9732**)
–1.8310
(–9.4270*, 41.6910**) –1.5584
122.2730
(121.9030*, 222.2940**)
0.4199
(0.3514*, 0.3292**)β1 : In(Empj)
0.2156
(0.2208*, 0.2302**)
13.7560
(14.3526*,14.9095**) –2.3819
β2 : In(AccAj ) 0.8784(0.1359*,-----**)
3.6927
(3.6531*, -----**) 3.0839
* Indicators of the 4-STEP model (in parenthesis)
** Indicators of the CONV model (in parenthesis)
Table 3  Estimation results of the DCG sub-model for trip distribution
Parameters Estimated Value T-Tests between SPA-STEP and 4-STEP models
γ 0.2875 (0.2847*, 0.2108**) 1.9701
R-squared: 0.7105 (0.6856*, 0.6707**) No. of Sample:112,988
* Indicators of the 4-STEP model (in parenthesis)
** Indicators of the CONV model (in parenthesis)
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els described in Table 4 are shown in Tables 5 and Table 
6. The results are satisfactory in the sense that the indices 
are good enough and all the parameters have the expected 
signs and statistical signiﬁcance. Moreover, the t-tests 
between SPA-MNL and 4-STEP models have shown that 
the estimations to the parameters of the inter-zone aggre-
gate MNL model have generally become more reason-
able in comparison with the same parameters’ estimations 
in the 4-STEP model because of the previously explained 
SPA-MNL model application. Furthermore, the model 
estimation accuracies respectively for the SPA-STEP, 4-
STEP and CONV models are comparatively shown in 
Table 7. It can be clearly observed in this table that, the 
model estimation accuracy for the modal split study has 
been generally improved progressively from the CONV 
model to the 4-STEP model. 
In addition, for this mode choice analysis, the scar-
city and poor quality of the survey data was evident. In fact, 
for each travel mode, we have included all the meaning-
ful variables we could ﬁnd into their utility functions. In 
some sense, because of such a data problem, we could still 
ﬁnd that out of phase, the R-Square value for Railway of 
the 4-STEP Model is the smallest, which, of course, needs 
to be further studied and improved in future research. 
4.5 Trip assignment
For the trip assignment study, a link-based Multi-
mode and Multi-class Assignment (M3A) method was 
applied. With the M3A adopted, the bus pre-assignment 
results were ﬁrst preloaded to the road network to repre-
sent the interactions between the bus and road networks. 
Next, the passenger car equivalent factors for different 
vehicle classes and travel modes speciﬁed according to 
the Highway Capacity Manual16 were loaded. With the 
convergence criteria for the iterative estimation process 
reached, according to the trafﬁc volumes at the points of 
Table 4 Inter-zone and intra-zone aggregate  
MNL models
Travel Modes Const Distance Time GT GC
Railway +, – + –
Bus – + –
Car +, – + + –
Taxi + + + –
Bicycle +, – + + –
Table 5  Estimation results of the inter-zone aggregate MNL model 
Variables Estimated Parameters T-score T-Tests between SPA-STEP and 4-STEP models
Const –0.7887 (–0.7816*, –0.6325**)
 –67.2144
(–67.1112*, –62.0538**) –1.3490
Distance –0.5660 (–0.5679*, –0.7122**)
–170.9447 
(–170.9440*, –171.1090**) 1.8906
Time –0.0038 (–0.0035*, –0.0029**)
 –12.1642 
(–12.1931*, –12.0001**) –2.1213
GT –0.0352 (–0.0340*, –0.0321**)
–168.0916 
(–160.0825*, –168.1067**) –4.2426
Asymptotic ρ2 : 0.5168
(0.5167*, 0.5011**)
Adjusted ρ2 : 0.5167
 (0.5167*, 0.5009**) No. of Sample : 112,654
* Indicators of the 4-STEP model (in parenthesis)
** Indicators of the CONV model (in parenthesis)
Table 7 Estimation accuracy comparison  
among the modal split models
Travel Modes
R-squared 
SPA-STEP 
Model 4-STEP Model CONV Model
Railway 0.6528 0.6429 0.6464
Bus 0.5573 0.5170 0.5041
Car 0.5509 0.5485 0.5364
Taxi 0.2256 0.2261 0.2204
Bicycle 0.5183 0.5092 0.5056
Table 6 Estimation results of the intra-zone 
aggregate MNL model
Variables Estimated Parameters Std. Error T-score
Const –2.4561 0.9559 –2.5693
GC –0.0672 0.0138 –4.8822
GT –0.0116 0.0044 –2.6422
Asymptotic ρ2 : 0.2599 Adjusted ρ2 : 0.2534 No. of Sample : 334
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the screen-line, compared with the CONV model, the R-
Squared of the trafﬁc assignment results were ameliorat-
ed from 0.4462 to 0.4892 in the 4-STEP model and 
0.4992 in the SPA-STEP model with the M3A method 
respectively. 
5. COMPARISONS OF URBAN DEVELOPMENT 
SIMULATIONS 
5.1 Scenarios settings 
In total, four scenarios were assumed for the devel-
opment of Beijing till 2020, as shown in Table 8. The 
“Undeveloped” for Road Network and the “Unimproved” 
Public Transport Systems mean that the road network and 
bus/subway lines in 2020 will remain the same as those 
in 2000. In contrast, the “Developed” and “Improved” 
cases express the changed situations in the future road 
and bus/subways networks as shown in Figure 4, in which 
the broken lines represent the road network, the thin real 
lines show the bus lines, and the thick real lines with reg-
ular blanks are the subway lines.
The contents on the Road Network and the Public 
Transport Systems of the scenarios shown in Table 8 are all 
the same for the simulations by the 4-STEP model and 
the SPA-STEP model. However, about the scenarios 
simulated by the SPA-STEP model, the total volumes of 
Population, Employment and Car Ownership (dependent 
variables of the SPA-MNL model for the spatial distribu-
tion autocorrelation analysis) will, on average, be distrib-
uted at all of the 340 TAZs in a spatially correlated manner 
with the average increase ratios of 1.33%, 1.50% and 
5.94%/1.00% (Uncontrolled/Controlled) per year from 
2000 to 2020 (estimated by the authorities of Beijing 
government). Nevertheless, for the 4-STEP model, in the 
step of trip generation and attraction, the Population, Em-
ployment and Car Ownership (independent variables of 
the regression models for trip generation and attraction 
study) for each TAZ will simply increase on average an-
nually until 2020 with the same average annual increase 
ratios, i.e., 1.33%, 1.50% and 5.94%/1.00%, respectively. 
Such differences will take a reasonable effect on the ﬁnal 
outcomes of the respective simulations to the same sce-
narios respectively by the 4-STEP model and the SPA-
STEP model. 
5.2 Comparisons of scenario simulation results 
To compare the simulation results of the assumed 
four scenarios previously described in Table 8 and ana-
lyzed by the 4-STEP and SPA-STEP models for Beijing 
in the future, changes of travel speeds at each link and 
Table 8 Scenarios for the sustainable  
development of Beijing till 2020
Scenarios Road Network Car Ownerships
Public Transport 
Systems
S1 Undeveloped Uncontrolled Unimproved
S2 Developed Uncontrolled Unimproved
S3 Developed Uncontrolled Improved
S4 Developed Controlled Unimproved
Fig. 4 Transport network development in Beijing
2000 2020
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trafﬁc emission amount of CO are taken into consider-
ation as two representative indicators, as shown in Figure 
5. The values of the emission factors adopted here are 
based on the work of He and Wang17, and Wang et al.18. 
Based on the simulations to Scenarios S1 and S2 
from the analyses by both the 4-STEP model and the 
SPA-STEP model, it was initially found that the trafﬁc 
congestion in Beijing will be relieved to some degree if 
the road network is improved. However, the trafﬁc emis-
sion volumes of CO for S1 and S2 are unchanged on the 
whole, simulated by the SPA-STEP model. This is differ-
ent with the outcomes of simulations to S1 and S2 by the 
4-STEP model. Moreover, as represented by S2 and S4 in 
Figure 5, it can be concluded that car ownership control 
will assist a lot to the unblocking of urban trafﬁc, as well 
as the comfort of the environment, though different con-
tribution strengths by the same scenario in the respective 
studies by the 4-STEP and SPA-STEP models. Further-
more, comparing the simulation results of Scenarios S2 
and S3, it was also possible to determine that improve-
ment of the public transport systems will have a similar 
outcome as the car ownership control. From these com-
parative studies, it can be further found that from the 
studies of the 4-STEP and SPA-STEP models, it was con-
sistently conﬁrmed that improvement to the public trans-
port system with the road network development and car 
ownership controlled is the most sustainable for the fu-
ture development of Beijing from the perspective of not 
only urban trafﬁc jam relief but also environmental pro-
tection. Nevertheless, we can also see that, in general, the 
environmental sustainability and the low-speed trafﬁc for 
some scenarios are over-estimated by the 4-STEP model 
(except for Scenario S1), compared with the analyses by 
the SPA-STEP model. All of these different study results 
are suitably connected with the spatial autocorrelation 
analysis newly imported into the 4-STEP model. 
6. CONCLUSIONS
To properly reﬂect the interdependency between 
transport networks and spatial distributions of the popu-
lation-related factors and car ownership, a log-transformed 
aggregate multinomial logit model with spatial autocor-
relation is developed and incorporated into the four-step 
travel demand model with feedback (4-STEP model). As 
a result, a new integrated travel demand model (called 
SPA-STEP model) was established for Beijing. With the 
same person trip data collected in Beijing in 2000, it was 
empirically conﬁrmed that the SPA-STEP model has 
improved the model accuracy in comparison with the 4-
STEP model and the CONV model (i.e., the sequentially 
estimated conventional four-step model). Using the 
model estimation results, several comprehensive policy 
scenarios for the future development of Beijing were 
comparatively evaluated by the 4-STEP model and the 
SPA-STEP model. It was consistently conﬁrmed by the 
4-STEP and SPA-STEP models that sustainability of 
comprehensively improving the public transport system 
and the road network with the controlled car ownership 
was the best for the development of Beijing in the future 
from the viewpoints of urban trafﬁc congestion relief as 
well as the environmental protection. However, it was 
also found that the 4-STEP model could over-estimate 
the share of low-speed trafﬁc and the reduction of envi-
ronmental emissions when compared with the results 
from the SPA-STEP model. Such a difference was clearly 
generated by the introduction of the previously explained 
new modeling step with spatial autocorrelation. As for 
future research issues, the SPA-STEP model should be 
further improved by adding more relevant variables to 
enrich the applicability of policy applications in develop-
ing cities. Integrating the SPA-STEP model with a land 
use model is also worth challenging. 
Fig. 5 Ratios of road links with different speeds (%) 
and trafﬁc emission of CO (gram) 
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